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(54) Title: SELF-ENCODING FIBER OPTIC SENSOR 

(57) Abstract 

A microsphere-based analytic 
chemistry system is disclosed in which 
self-encoding microspheres having 
distinct characteristic optical response 
signatures to specific target analytes 
may be mixed together while the 
ability is retained to identify the sensor 
type and location of each sensor in a 
random dispersion of large numbrs of 
such sensors in a sensor array using an 
optically interrogatable encoding scheme. 

An optical fiber bundle sensor is also 

disclosed in which individual microsphere 

sensors are disposed in microweils at 

a distal end of the fiber bundle and are 

optically coupled to discrete fibers or 

groups of fibers within the bundle. The 

identifies of the individual sensors in 

the array are self-encoded by exposing 

the array to a reference analyte while 

illuminating the array with excitation 

light energy. A single sensor array 

may carry thousands of discrete sensing 

elements whose combined signal provides 

for substantial improvements in sensor 

detection limits, response times and signal-to-noise ratios. 
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SELF-ENCODING FIBER OPTIC SENSOR 



FIELD OF THE INVENTION 



• na «ii» mncerned with chemical sensors, sensor arrays and sensing 

r;r:~ re - - — - — - - - — - * sensin9 

receptor units. 

BACKGROUND OF THE INVENTION 

The us, of optica, fibers and cp«ca, »er — • •» «-*— "* W ^ «" 

nn notirs and Electro-Optics, Volume 494. 1 980; Seitz, W.R.. Chemical 

rrrr— - - «~ - — — ; ~r 

cZ^. VO,. 1, 193B. PP. W«fbe*. O S.. ^r °^'« « 

editor,. Wiiey » Sons. N e» Yo* ,« A* «W ^ <™ £ and 

■Chemica, Senses and Microinstrument. «S Symposrum Senas. Vo,. < ^ * ^ 
Woifoeis. O.S.. «er Opfc Cnem/oa, Sensors. Ed. CRC Press. Boca Raton, FL 1991 . 2nd Volume. 

wnen a*, an optica! finer in an in v*»*. vrVo sensor, one or more Ugh. absenting dyes » located 

Ir i, dl end Typicaiiy. light •» « «»■»"• «» " " i " Um " ,a,e *" *" 
rr To lai e . The iight propels along th. leng* of me optica, r,Pen and a p^ - 
!^ „h. e*ts me dista, end and is absorbed by me dyes. The iigh. absorbs dye may r may 
If— d; may 0, may not be d»ec«, atteched to -be optfcal •* « - «* oo, be 
suspended in a «uid sample containing one or mora anary.es of interest and may or may no, be 
elable for subsequent use ft a serand opuca, determinate. Onca me l*t has *en ^sorted by 
"ra some «* , var*ng „ave,engm and intensity returns, conveyed through either me same 
Z o r,be„s) te a «*» system who™ * is obse^ed and measured. 
ZZ the ligh, conveyed by the optica, .be, and ma properties o, .he «. absorbing dye provrte an 
optical basis for both qualitative and quantitative determinations. 
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More recently fiber optic sensors hav3 been constructed that permit the use of multiple dyes with a 
single discrete fiber optic bundle. U.S. Pat. Nos. 5.244,636 and 5,250.264 to Walt, at a/, disclose 
systems for affixing multiple, different dyes on the distal end of the bundle, the teachings of each of 
these patents being incorporated herein by this reference. The disclosed configurations enable 
5 separate optical fibers of the bundle to optically access individual dyes. This avoids the problem of 
deconvolving the separate signals in the returning light from each dye. which arises when the s>gnals 
from two or more dyes are combined, each dye being sensitive to a different analyte, and there .s 
significant overlap in the dyes' emission spectra. 

0 Most recently, fiber optic sensors have been employed in arrays of semi-selective chemical sensors 
and pattern recognition schemes to discriminate and quantify odors. Such approaches have been 
useful in implementing the principles of biological olfaction in the design of sensing devices or 
systems In this field of biomimetry. various technologies have been applied to the sensor 
transduction mechanism. For example, surface acoustic wave, conducting polymer, metal oxide 

5 sensor field-effect transistor (MOSFET), piezo-electric, and quartz crystal microbalance sensor arrays 
have been pursued. 

While such technologies provide inventive approaches utilizing a variety of physical and chemical 
phenomena to odor sensing, there are a number of limitations to these methods which restnct the 

20 efficacy of such devices. Firstly, element-to-element reproducibility both within a single array and 

between sensor arrays is typically unsatisfactory and thus requires recalibration and network retra,n.ng 
from sensor to sensor. Secondly, most of these methods have a relatively slow response time, 
frequently requiring several minutes to respond to the presence of an odor. Thirdly, such methods 
have relatively high detection limits and low sensitivity, typically not functioning at odor levels below 

25 lOppm Fourthly, devices which embody such technologies typically require a relatively large inherent 
size thereby restricting miniaturization of the sensor array for use in remote sensing applications. 
Finally, construction of multi-sensor arrays by these methods is complex and involves expensive and 
tedious preparation and placement of individual sensors within a well-defined array. 

30 Most recently, many of these shortcomings have been overcome through the application of fiber optic 
sensor arrays in an artificial nose sensor device and system. U.S. Pat. Nos. 5.320.814 and 5.512.490 
to Walt.et al.. the teachings of each of these patents being incorporated herein by reference, disclose 
a fiber optic array formed of heterogeneous, semi-selective thin films which function as sensing 
receptor units and are able to detect a variety of different analytes and ligands using spectral 

35 recognition patterns. This technology has been applied to a vapor-sensing system which utilizes 

arrays of polymer-dye combinations which coat the ends of select optical fibers in a fiber optic bundle. 
These developments are further described in Dickinson, et al. Nature 382:697 (1996) and White, et al. 
Anal. Chem. 68:2191 (1996). 
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encoding dye choice is further limited by selecting dyes whose emission wavelengths do not overlap 
or interfere with the reporting dye which is uniquely responsive to the presence of an analyte. 

Another limiting feature of this invention is that the process of encoding beads requires a series of 
5 measurements which calibrate and train the sensors and the sensor array. Encoding ,s ,n.t,ally 

accomplished by first illuminating the beads with excitation light energy and monitoring and recording 
the type and location of the specific bead subpopulation within the sensor array having a g.ven 
encoding dye ratio. Next, the array is exposed to an analyte while illuminating the array with exctation 
light energy in the presence of a reporter dye. Those beads which are responsive to the analyte in the 
10 presence of the reporter dye are montored and mapped on the sensor array. In addition, the 

characteristic optical response signature is stored in a library. This step is repeated for each analyte of 
interest in combination with a reporter dye. Once all bead subpopulations are encoded and the.r 
response characteristics monitored and recorded, the entire sensor array must be decoded for each 
ana.yte by indexing each sensor element with the stored optical response signature for each analyte. 
1 5 This process of decoding individual subpopulations of beads may be require additional steps when a 
large number of subpopulations are deployed in the array, thereby increasing the training time required 

for each array. 

Other alternative approaches to bead encoding, utilizing molecular tagging, capillary gas 
chromatography and electron capture detection have been disclosed by Still, et al. Acc. Chem. Res. 
29 155 (1996) However, such methods are limited in scope and have been applied only to a narrow 
class of bead materials having specie chemical functionality and molecular tags which are readily 
analyzable. 



SUMMARY OF THE INVENTION 



In general the invention provides self-encoding analytic chemical sensor arrays comprising a 
substrate with a surface comprising discrete sites and a population of microspheres comprising at 
least a first and a second subpopulation, wherein each subpopulation comprises at least one reporter 
30 dye The reporting dye has a first characteristic optical response signature when subjected to 

excitation light energy in the presence of a reference analyte, and the microspheres are distributed on 
the surface. The beads may further comprise a bioactive agent or. alternatively, a chem.cal 
functionality which interacts, associates, or binds with analytes to be detected. 

35 in an additional aspect, the invention provides methods of detecting a target analyte in a sample 

comprising contacting the sample with an sensor array. The sensor array comprises a substrate with 
a surface comprising discrete sites and a population of microspheres. The microspheres comprise at 
least a first and a second subpopulation, each subpopulation comprising a bioactive agent and at least 
reporter dye. The reporting dye has a first characteristic optical response signature when 
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Fig. 1 is a schematic diagram illustrating the self-encoding microsphere sensor according to the 
present invention; 

5 Fig. 2 is a process flow diagram of the preparation, encoding and incorporation of microspheres into a 
sensor array of the present invention; 

Figs. 3A and 3B is a schematic process diagram illustrating the preparation and placement of self- 
encoded microsphere subpopulations in fiber optic sensor array of the present invention; 
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Fig. 4 is a process flow diagram illustrating microwell formation in the fiber optic bundle and placement 
of the microspheres in the microweils according to the method of the present invention; 



Figs. 5A and 5B are micrographs illustrating the microweils formed on the distal end of a fiber optic 
1 5 bundle and microspheres inserted in the microwell cavities; 

Figs. 6A and 6B are micrographs showing the array of microspheres in their corresponding microweils 
prior to and subsequent to agitation by tapping and an air pulse, demonstrating the electrostatic 
binding of the microspheres in the microwell cavities; 

20 

Fig. 7 is a schematic diagram of the inventive fiber optic sensor and associated instrumentation and 
control system; 

Fig. 8 is a schematic diagram illustrating the experimental apparatus used in the optical measurements 
of Examples 7 through 17; 

Fig. 9 illustrates the characteristic optical response signature of porous silica beads infiltrated with Nile 
Red dye upon exposure to toluene vapor; 

Fig. 10 illustrates the characteristic optical response signature of PMS beads infiltrated with Nile Red 
30 dye upon exposure to methanol vapor; 

Figs. 1 1 A and 1 1 B illustrate the characteristic optical response signature of a PS802 coated porous 
silica bead infiltrated with Nile Red dye upon exposure to toluene and methanol vapor; 

3 5 Figs. 1 2A and 1 2B illustrate the characteristic optical response signature of a PDPO coated porous 
silica beads infiltrated with Nile Red dye upon exposure to toluene and methanol vapor; 

Fig. 13 illustrates the characteristic optical response signature of porous silica beads infiltrated with 
Nile Red dye upon exposure to ethyl acetate vapor; 
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one or more reporter dye, that exhibit a characteristic. i.e. unidue. optical response signature to a 
lie ana^. general,, a «u,d sue. as a »apor. Thus, in m,s e~t. exposure o, me en„re 
array to a reference anaiyte will a,low me identification ol the location .( each head of each 
Zpula-ioh. As a resu,, hy company me response of me enfrre sense, array ,0 a Known a^e. 
the lividua, sensor elements o, the array are conveniently decoded simdtaneous ,n one *mpfc 
measurement. The sell-encoding feature of the present invention eliminates me need for a more 
complex, multi-step encoding system. 

The sensor array can men he used to detect me presence of targe, analy.es. for example when the 
Z ds ISO com rise b,oa*e agen.s such as decides or. aUernatfce,, a chemical functional 
group by looking for changes in me optica, signage of me beads upon interact or binding w,th a 
m anaiyl for example a substantia,,, comp,ementar, ,abe,ed atgonudeot.de. or. —ely. 
72* analyte of ,n.e,es, As win be appreciated by those m me art. th,s ma, be done ,n a variety of 
ways genera,,, through the use o, a change m an optica, s«nai. Th* change car, occur v» man, 
dlire . mechanisms. A few examp.es Mu« me binding o, a dye-tagged analy* to me beadle 
production of a dye species on or near the beads, me destructo o, an existing d,e 
„ me optica, stature upon anaryte interacts *th d,e on bead. 0, an, omer opt*a, ,n,errcoab*le 
even. Thus, once me location of each species o, an oSgonudeotide probe, or aiternabvety. a ead 
having a particu,ar chem*a, functional has been Med, me array can men be used to detect the 
pr esence of unknowns that - preferabl, spedfica,,, associate wim me bioa*e agents or che™* 
functionality on the beads. 

,n an atternate preferred embodiment, when the target anaiyte is not .abe.ed. the optica, response of 
each e.ement in the array can be compared to a library of characteristic optica, response s.gnature 
for its corresponding bead subpo P u.ation type, where the characteristic optica, response s.gnature to 
various ana.ytes has been previous, measured and recorded, and either the identity of the 
can be determined or the sensor array can be trained to associate the measured response w,th a 
particular anaiyte which is then added to the library of response signatures. 

) The present invention overcomes certain limitations of the current art by embodying the innovation of a 
se.f-encoding sensor array wherein a characteristic optica, response signature is produced by the 
interaction of specific bead subpopulation compositions with a reporter dye. .n the self-encod.ng 
sensor array of the present invention, the response signa. to a target anaiyte serves both as a 
response signature for the target anaiyte and as the encoding signa. for the entire sensor array and 

5 subpopulations within the array. The decoding of the array is thus accomplished in a one-step 
process during the array response measurement of a target ana.yte and utiiizes the very response 
which is used to identify the target anaiyte. The bead encoding is thus incorporated into the array by 
the nature of the bead subpopulation responses to target analytes. 
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- . a m .nt thP distal end of a fiber optic bundle substrate is chemically etched so 
, n a „e preferred ^ o( a ^ ,„ * e pre(etTe d —an, each 

on. „, the beads s located.* P ^ ^ ^ ^ ^ ^ ^ 

s bun ":, :r:r; - - — * — ■ - 

T d nso anT,o, prov*g optical «M - «- W— <- — ' «* •» 

nT -1 «. si - optic bundles con* thousands 0, discrete fibers, 
provides ,e, the individua, op,;ca, coupfing 0, thousands 0, senses in a sensor array, 
Zly providing ,or a iarge number 0. independen. sensor measurements .or each bead 

1 0 subpopulation within the array. 

Due to both the large number of bead sensor ^populations available and the correspondingly large 
^7-n~ elements within each subpopulation, a secant innovation of the present 
number indep endent sensor response measurements ,n a single 

1 Znd amciiScation of tne characteristic optical response signatures c. mulUpie .dependent 

d»ec<l» mimics me actual behavior 0, the human mm where me combmd s,gnal .rem th*sands 
„ elptor cells in each o. grouping o. near, a mousand d«eren, receptor ce. types found 
20 Z m layer, none p, which are parties sensitive in «-«"^- » • ■** "*~ 
sensory response to odors Isee U.S. Kauer. Trends NeurosC ,4:79.95(1991)]. 

The present hwentfcn thus embod*s the evolutionary seen, amplification process found in the human 
*Z system „ — to s^cantiy enhance sensor a^y sens,«v,f, to analyse by summits 
,5 2 eve, responses of a large number 0, sensor array By summing th, responses from 

Z ,a, beads a. «. vapor concentration, a substanfia, movement m „gna,.,o-no,se ra »s s 
^exceeding a factor ten or more. This — n ha, ted to red^ the « of 

mesensoraraybyov.ranorderofmagnltdde.Theenhancem.nt^sens,.,.* provrfed by the 

1, o, me prase*— n ,s genera,,, known ,0 be dire* propel to the sguare root 
30 of me number of independen. sensor bead responses available for summing. With such 
enhancement detection limits approaching parts par billion ere achievable. 

,„ preferred embedments, ma sensor beads are se«-encc*d usfng a reporter dye ^Pref-bly 
inflated or en«apped *,n ma bead, The reporter d,e may be a chromophobe or phosphor bu, 
35 prefer^ a fluorescent dye. whk* due to character*,**!* strong optical skjnals provKte a good 
signei-to-noise r* for decoding. Mhough no, necessary, me ^-encoding car, als o be 
JLmpirshed by uBiang me raws of two or more reportrng dyes having charactenshc and d screte 
enisslon peaks end measu*g me peak intense ra«os upon Munition wHh excitatten „gh, energy. 
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some arrays. * substrates may - — ■ — - «"» " B " M ^ " 

|n addlll0 , one ady^ge 0, the present — - = ^ ^ ^ " 

beads and fibers per 0.5 cm 2 obtainable. 

l0 The w « _ a -~ = — : irr :::::: 

T He ICin™^ olads an. is amena»e . a, leas, one de,e*n 
appropnate to the e~ me „ umber of possWe ^.es ar e »ery large. 

method. As - be a „ d moa]fea or fc^fced glass, plastics («tclud«tg 

and indude. bu, are ~ ^ 0 XL. and Car mate,*. ^ P*-*«. 
, 5 a^cs. po lystyrene and ^ ~ n— ^ res ,, 5llca 0 , 
p 0tyMyte ne. pcyuretnan s. W. PJ ^ ^ ^ 

*rrrb=:r:re, - - * - * - — - — 

detection and do not appreciably fluoresce. 
20 t ♦ • nr olanar although as will be appreciated by those in the art. other 

durations d. subs«a(es may »e ^ ^ ^ accKS 

he used. to exan,^ b, ^ swarty . w heads may da piaced on 

, " *" ritoTrr"~san,p 1 e analysts ,o sample -~ — 

polystyrene and other plastics and acrylics. 

A, teas, one surface of m. subs,ra,e is moditied to contain dlsaete. MM sites Jor^ 
At least on com prise physically altered sites, i.e. physical 

30 assodaton 0. microspheres. P 'J can me Mads , such that 

-—7 "* Z7~~o Isomer *- .magnetic « compressive,, o, chemically 

hydrophobics,!* hydrophllically functionalized sues, spots o, adhesive, etc. 

" h. „ nattern I e a regular design or configuration, or randomly distributed. A preferred 

Thp <5 tes mav be a pattern, i.e. a reyuioi « ^ 

.loZTufflizes a regular pattern of sites such ma. me sites may be addressed ,n the X-Y 
T , e PaZ- in •* sense indudes a repea*g un« ce». preferably one that allows a 
%Z£JZL ~~ However. I, should be - ma, mese sites may no, be 
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hydrophobic sites with hydrophobic beads, in an aqueous system, drives the association of the beads 
preferentially onto the sites. As outlined above, "pattern" in this sense includes the use of a uniform 
treatment of the surface to allow attachment of the beads at discrete sites, as well as treatment of the 
surface resulting in discrete sites. As will be appreciated by those in the art, this may be accomplished 
5 in a variety of ways. 

The compositions of the invention further comprise a population of microspheres. By "population" 
herein is meant a plurality of beads as outlined above for arrays. Within the population are separate 
subpopulations. which can be a single microsphere or multiple identical microspheres. That is, in 
1 0 some embodiments, as is more fully outlined below, the array may contain only a single bead for each 
bioactive agent; preferred embodiments utilize a plurality of beads of each type. 

By "microspheres" or "beads" or "particles" or grammatical equivalents herein is meant small discrete 
particles. The composition of the beads will vary, depending on the class of bioactive agent and the 
1 5 method of synthesis. Suitable bead compositions include those used in peptide, nucleic acid and 
organic moiety synthesis, including, but not limited to, plastics, ceramics, glass, polystyrene, 
methylstyrene. acrylic polymers, paramagnetic materials, thoria sol. carbon, graphite, titanium dioxide, 
latex or cross-linked dextrans such as Sepharose, cellulose, nylon, cross-linked micelles and teflon 
may all be used. 

20 

Synthetic beads may be fabricated by polymerizing or copolymerizing a variety of condensation or 
vinyl precursor monomers or by way of combinatorial polymer synthesis. Such polymers can be 
further modified by the addition of plasticizers. such as tritolyl phosphate (TTP), triphenyl phosphate 
(TTP) or dibutyl phthalate (DBP). Particularly useful dye-encoding bead candidates for use in sensor 

25 array subpopulations are polymer and copolymer materials which exhibit either a characteristic 
swelling upon exposure to various vapor analytes. a characteristic polarity difference due to their 
chemical structure, or a characteristic chemical adsorption response with various vapor analytes. In 
prescreening candidate polymers as bead materials and evaluating candidates based on desirable 
swelling, polarity and adsorption characteristics, two particularly useful references are: R.A. McGill. et 

30 al., Chemtech, September 24. 1996,p27-37 and J.W. Grate, et al., Ana/. Cnem. 68:913-7 (1996). 

A variety of bead chemistries may be utilized in fabricating a wide diversity of sensor bead 
subpopulations. For example, the following compositions have been found to be particularly useful as 
candidate bead materials: silica, polyethylene glycol), polycaprolactone, poly(1,4-butylene adipate). 
35 PDPO [poly(2,6-dimethyl-1 ,4-phenyleneoxide)]. PS078.5 [triethoxysilyl-modified polybutadiene (50% in 
toluene)], PS078.8 [diethoxymethylsilyl-modified polybutadiene in toluene], CPS2067 
[acryloxypropylmethyl-cyclosiloxane], PS802 [(80-85%) dimethyl-(1 5-20%) (acryloxypropyl) 
methylsiloxane copolymer], PS901 .5 poly(acryioxypropyl-methyl)siloxane], PS851 1(97-98%) dimethyl- 
(2-3%) (methacryloxypropyl) methylsiloxane copolymer], PABS [poly(acrylonitrile-butadiene-styrene)], 
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microspheres (i.e. each sensor element) comprises a unique optical response signature or optical tag. 
Z tc an be used to identify the unique bioactive agent or chemica. functionality of that 
of microspheres; a bead comprising the unique optica, response signature may be distingu,shed from 
beads at other locations with different optical response signatures. As is outlined here.n. each 
bioactive agent will have an associated unique optica, response signature such that any microspheres 
comprising that bioactive agent wi.. be identifiable on the basis of the signature upon exposure to a 
reference analyte or fluid. As is more fully outlined below, it is possible to reuse or dupl.cate op** 
response signatures within an array, for example, when another level of ^^^^^^ 
example when beads of different sizes are used, or when the array is loaded sequenfa.ly w,th d-fferent 

batches of beads. 

The se.ection of chemica. dye indicators is equity important to the design of a fiber optic sensor array 
system of the present invention, .n the preferred embodiment (see Fig. 1 ). at least one dye 1 1 « 
incorporated into the microsphere 10. In the preferred embodiment, this dye 1 1 acts as both an 
encoding dye. for identifying the bead subpopulation location in the sensor array, and a reporfng dye. 
for detecting a target analyte of interest. In an aUemative embodiment, two or more dyes may be 
uti.ized as encoding-reporter dyes. In a preferred embodiment, at least one dye is used solely as an 
encoding dye and a separate dye is added during analysis as a reporting dye. In one embod,ment 
where two or more encoding dyes are used, the ratio of peak intensities for dye pairs may be used for 
encoding the bead subpopulation and a separate reporter dye may be added during ana*s,s , In an 
alternative embodiment, conjugated dyes, such as acrlyoyl fluorescein and others, may be ut,l.zed 
where it is desirable to incorporate the dye directly into a synthesized po.ymer or copolymer bead 
material. 

While the reporter dye 1 1 may be either a chromophore-type or a fluorophore-tyoe. a fluorescent dye 
is preferred because the strength of the fluorescent signal provides a better signa.-to-noise ratio when 
decoding In the most preferred embodiment, polarity-sensitive dyes or solvatochrom.c dyes are 
utilized Solvatochromic dyes are dyes whose absorption or emission spectra are sens.t,ve to and 
altered by the polarity of their surrounding environment. Typically, these dyes exhibit a sh.fl .n peak 
emission wavelength due to a change in local polarity. PCarity changes which cause such wave.ength 
shifts can be introduced by the bead matrix used for a particular sensor bead subpopulat.cn or. the 
presence of a target analyte. The change in polarity creates a characteristic optica, response signature 
which is useful for both encoding subpopulations of bead types and for detecting specfic target 
anaiytes One preferred so.vatochromic dye. Ni.e Red (Eastman Kodak. Rochester. NY), exhibits .arge 
5 shifts in its emission wavelength peak with changes in the local environment polarity. In add.t,on. N.le 
Red is soluble in a wide range of solvents, is photochemically stable, and has a relatively strong 
fluorescence peak. Additional dyes which are conventionally known in the art and may be used as 
dyes in the present invention are those found in U.S. Patent 5.512.490 to Walt, et a... of which Table 3, 
Table 4, Table 5, Table 6 and Table 1 1 are incorporated herein by reference. 
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50 are mixed in step 52 with dye solutions prepared in step 51. Preferab.y. in step 52. the beads or 
^ZZ* are p led in a dye so,tion comprising dye dissolved in an or g anic solvent that w„, 
m,crosphere P the beads are washed, centrifuged or filtered to remove excess 

r =r s wa-d in water, methano, or any suitable solve ntth. does not 

Tel. the microspheres, but in which the dyes are st, so.uble. This aHows the res.dua. dye to be 
:r 0ff withou rinsing the dye out of the microspheres. In an amative embodiment, a chem.c, 
Tety or function, group may be attached to the bead surface fol.owing remova. of excess dye. 

The beads need not be spherical; irregutar partic.es may be used. While both porous and non-porous 
TeLsCre utilized, porous beads are preferred for inflating the reporter dye and enhancng the 
response and sensitivity of the microsphere sensor due to an increase in surface area or 

or the reporter dye. bioactive agents, etc. The bead sizes range from nanometers. ,, 1 00 
"1 Himeters. i.e. 1 mm, with beads from about 0, micron to about 200 microns be,ng pr^d. 
and from about 0.5 to about 5 micron being particularly preferred. aUhough ,n some embod ments 
ImaLr beads may be used. Pig. 1 grates the construction of a typical bead or microsphere sensor 
10 comprising a reporting dye 1 1 entrapped within bead pores 12. 

,t should be noted that a key component of the invention is the use of a substrate/bead pairing that 
alls the association or attachment of the beads at discrete sites on the surface of the substrate. 
) such that the beads do not move during the course of the assay. 

The present invention embodies a bead-based analytic, chemistry system in which beads or 
^ spheres are fabricated from various inorganic or organic materia, where, each ma^ I n be 
identif. d by a characteristic temporal optic, response signature which enables ver.fv.ng both th 
5 entity and location of a particular bead within a sensor array upon exposure to a reference analyse 
while Lnating with excitation light energy. The invention provides for utilization of any 
excitation light energy and is not limited to a specific wavelength. The principal requ.remen of the 
excitation light is that it produces emitted light of a characteristic wavelength upon illum.nat.on of a 
reporter dye associated with a given bead composition. 

,n a preferred embodiment, the microspheres further comprise a bioactive agent. By "candidate 
bioactive agent" or "bioactive agent" or -chemical functionality" or -binding ligand" herein is meant as 
used herein describes any molecule, e.g.. protein, oligopeptide. sm,l organic molecule, 
polysaccharide, polynucleotide, etc. which can be attached to the microspheres of the invent.cn. I 
should be understood that the compositions of the invention have two primary uses. In a preferred 
embodiment, as is more fully outlined below, the compositions are used to detect the presence of a 
particular target ana.yte; for exampte, the presence or absence of a particular nucleotide sequence or 
a particular protein, such as an enzyme, an antibody or an antigen. In an alternate preferred 
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preferred in this embodiment are libraries of bacterial, fungal, viral, and mammalian proteins, with the 
latter being preferred, and human proteins being especially preferred. 

In a preferred embodiment, the bioactive agents are peptides of from about 5 to about 30 amino 
5 acids with from about 5 to about 20 amino acids being preferred, and from about 7 to about 15 be.ng 
particularly preferred. The peptides may be digests of naturally occurring proteins as is outlined 
above random peptides, or "biased" random peptides. By "randomized" or grammatical equivalents 
herein is meant that each nucleic acid and peptide consists of essentially random nucleotides and 
amino acids respectively. Since generally these random peptides (or nucleic acids, discussed below) 
10 are chemically synthesized, they may incorporate any nucleotide or amino acid at any position. The 
synthetic process can be designed to generate randomized proteins or nucleic acids, to allow the 
formation of all or most of the possible combinations over the length of the sequence, thus forming a 
library of randomized bioactive proteinaceous agents. 

15 in a preferred embodiment, a library of bioactive agents are used. The library should provide a 
sufficiently structurally diverse population of bioactive agents to effect a probabilistically sufficient 
range of binding to target analytes. Accordingly, an interaction library must be large enough so that at 
least one of its members will have a structure that gives it affinity for the target analyte. Although it is ■ 
difficult to gauge the required absolute size of an interaction library, nature provides a hint with the 

90 immune response: a diversity of 10'-10 8 different antibodies provides at least one combination with 
sufficient affinity to interact with most potential antigens faced by an organism. Published in vitro 
selection techniques have also shown that a library size of 10' to 10° is sufficient to find structures with 
affinity for the target. Thus, in a preferred embodiment, at least 10 6 . preferably at least 10 7 , more 
preferably at least 10 8 and most preferably at least 10 9 different bioactive agents are simultaneously 

25 analyzed in the subject methods. Preferred methods maximize library size and diversity. 

in one embodiment, the library is fully randomized, with no sequence preferences or constants at any 
position. In a preferred embodiment, the library is biased. That is. some positions within the sequence 
are either held constant, or are selected from a limited number of possibilities. For example, in a 
30 preferred embodiment, the nucleotides or amino acid residues are randomized within a defined class, 
for example, of hydrophobic amino acids, hydrophilic residues, sterically biased (either small or large) 
residues, towards the creation of cysteines, for cross-linking, prolines for SH-3 domains, serines, 
threonines, tyrosines or histidines for phosphorylation sites, etc., or to purines, etc. 

35 In a preferred embodiment, the bioactive agents are nucleic acids (generally called "probe nucleic 

acids" or "candidate probes" herein). By "nucleic acid" or "oligonucleotide" or grammatical equivalents 
herein means at least two nucleotides covalently linked together. A nucleic acid of the present 
invention will generally contain phosphodiester bonds, although in some cases, as outlined below, 
nucleic acid analogs are included that may have alternate backbones, comprising, for example. 
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herein), such that hybridization of the target and the probes of the present invention occur. This 
complementarity need not be perfect; there may be any number of base 

jn t e L with hybridization between the target sequence and the singie stranded nuc,e,c acds of the 
present invention. However, if the number of mutations is so great that no hybridization can occur 
nder even the .east stringent of hybridization conditions, the sequence is not a complement^ rget 
sequence. Thus, by "substantially complementary" herein is meant that the probes are suff.c.ent y 
complementary to the target sequences to hybridize under the seiected reaction conditions. H,gh 
stringency conditions are known in the art; see for example Maniatis et a.., Molecular Clonmg: A 
Laboratory Manual. 2d Edition. 1989, and Short Protocols in Mo.ecu.ar Biology, ed. Ausubel, et al 
both of which are hereby incorporated by reference. Stringent conditions are sequence-dependent 
and will be different in different circumstances. Longer sequences hybridize specially at h.gher 
temperatures. An extensive guide to the hybridization of nucleic acids is found in Tijssen. Techn,ques 
in Biochemistry and Molecular Biology-Hybridization with Nucleic Acid Probes. "Overview of pnncp.es 
of hybridization and the strategy of nucleic acid assays" (1 993). Generally, stringent conditions are 
selected to be about 5-1 0°C lower than the therma. melting point (T J for the specific sequence at a 
defined ionic strength pH. The T m is the temperature (under defined ionic strength. P H and nucle,c 
acid concentration) at which 50% of the probes complementary to the target hybridize to the target 
sequence at equilibrium (as the target sequences are present in excess, at T m . 50% of the probes are 
occupied at equilibrium). Stringent conditions wil. be those in which the salt concentration is less than 
about 1 0 M sodium ion. typically about 0.01 to 1 .0 M sodium ion concentration (or other salts) at pH 
7 0 to 8 3 and the temperature is at least about 30°C for short probes (e.g. 10 to 50 nucleotides) and 
at least about 60°C for long probes (e.g. greater than 50 nuclides). Stringent conditions may also 
be achieved with the addition of destabilizing agents such as formamide. In another embod,ment, less 
stringent hybridization conditions are used; for example, moderate or low stringency conditions may be 
used, as are known in the art; see Maniatis and Ausubel, supra, and Tijssen, supra. 

The term "target sequence" or grammatical equivalents herein means a nucleic acid sequence on a 
single strand of nucleic acid. The target sequence may be a portion of a gene, a regulatory sequence, 
genomic DNA, cDNA, RN A including mRNA and rRNA. or others. It may be any length, w.th the 
understanding that longer sequences are more specific. As will be appreciated by those in the art. the 
complementary target sequence may take many forms. For example, it may be contained w,th,n a 
iarger nucleic acid sequence, i.e. all or part of a gene or mRNA, a restriction fragment of a plasm.d or 
genomic DNA. among others. As is outlined more fully below, probes are made to hybrid.ze to target 
sequences to determine the presence or absence of the target sequence in a sample. Generally 
i speaking, this term will be understood by those skilled in the art. 

in a preferred embodiment, the bioactive agents are organic chemical moieties, a wide variety of which 
are available in the literature. 
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Surfacechemistry 



Name: 



Amine 



Carboxylic Acid 




et al — - — °™ Sys tem,, 7(4*275*08 (1 991 ). expressly incorporated 

heri). Proteinaceous bioactive agents may also be attached using other techniques known 
art for example for the attachment of antibodies to polymers; see SHnkin et al.. BtaBDlJ&flm^ 
348 (1991)- Torchilin et al.. supra; Trubetskoy et a... Sip^L£h^:323-327 (1992); King et al 
Cancer Res 54 6176-6185 (1994); and Wilbur et a.., Rioronjng^ Chem. 5 :220-235 (1994). all of 
which are hereby expressly incorporated by reference). It shou.d be understood that the bioact.ve 
agents may be attached in a variety of ways, including those listed above. What is important ,s that 
manner of attachment does not significantly alter the functionality of the bioactive agent; that ,s. the 
bioactive agent should be attached in such a flexib.e manner as to allow its interaction with a target. 

Specific techniques for immobilizing enzymes on microspheres are known in the prior art. In one case, 
MH, surface chemistry microspheres are used. Surface activation is achieved with a 2.5% 
clutaraldehyde in phosphate buffered saline (10 mM) providing a P H of 6.9. (138 mM NaCI. 2.7 mM. 
KC.) This is stirred on a stir bed for approximately 2 hours at room temperature. The rmcrospheres 
are then rinsed with ultrapure water plus 0.01 % tween 20 (surfactant) -0.02%. and rinsed again w,th a 
P H 7.7 PBS plus 0.01% tween 20. Finally, the enzyme is added to the solution, preferably after be.ng 
prefiitered using a 0.45um amicon micropure filter. 
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These two components act in concert to properly position the proximai end 214 of the bundle 202 for 
a microscope objective .ens 220. Light collected by the objective lens 220 is passed to a reflected 
light fluorescence attachment with a four position dichromic cube wheel 222. The attachment 222 
allows insertion of light from a 75 Watt Xenon arc lamp 224 through the objective lens 220 to be 
coupled into the flber bundle 202. The light from the source 224 is condensed by condense lens 
226, then filtered and/or shuttered by filter and shutter wheel 228. 

Light returning from the distal end 212 of the bundle 202 is passed by the attachment 222 and is then 
shuttered and filtered by a second wheel 234. The light is then imaged on a charge coupled dev.ce 
(CCD) camera 236. A conventional computer 238 executes imaging processing software to process 
the information from the CCD camera 236 and also possibly control the first and second shutter and 
filter wheels 228 234. Either a Macintosh or. alternatively, an IBM-compatible personal computer may 
be utilized for controlling the instrumentation and data acquisition. The instrumentation and opfical 
apparatus deployed at the proximal end 214 of the fiber optic sensor 200. exclusive of the fiber opto 
IZ 200 are discussed more complete, by Bron, et a, Ana,. One.. 67(1 7,2750-2752(1 995) and 
Bronk. et al., Anal. Chem. 66:3519 (1994). 

The bead sensor array 100 may be attached to the distal end of the optical fiber bundle 202 using a 
variety of compatible processes. It is important that the microspheres 10 are located close to the end 
of the bundle This ensures that the light returning in each discrete optica, fiber predominantly comes 
from only a single microsphere. This feature is necessary to decode the se.f-encoded bead 
subpopulations for the purpose of identifying both bead type and location, to enable the .nterrogafion 
of the optica, signature of individual microspheres within a bead subpopulation. and to prov.de for the 
summing of individual bead responses within each subpopulation for reducing signal to no,se and 
improving signal enhancement. The bead adhesion or affixing technique, however, must not 
chemically insulate the microspheres from the analyte or interfere with the optical measurement. 

Figs 5A and 5B are micrographs illustrating the preferred method for attaching beads to a sensor 
array substrate. Microwells 250 are formed on the distal end 212 of a fiber optic bundle 202 and 
microspheres 10 are inserted in the microwel. cavities 250. The microwells 250 are formed at the 
center of each optical fiber 252 of the fiber optic bundle 202. As shown in Fig. 5B. the size of the 
microwells 250 are coordinated with the size of the microspheres 10 so that the microspheres 10 can 
be placed within the microwells 250. Thus, each optica, fiber 252 of the bund.e 202 conveys «ight from 
the single microsphere 10 contained in its well. Consequently, by imaging the end of the bundle 202 
onto the CCD array 236, the optical signatures of the microspheres 10 are individually interrogatable. 

Fig 4 illustrates how the microwells 250 are formed and microspheres 10 placed in the 
microwells. In one embodiment, a 1 mm hexagona..y-packed imaging fiber bundle 202 was employed 
comprising approximately 20.600 individual optical fibers having cores approximately 3.7nm across 
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ln an another embodiment, an alternative fixation appro*~h empioys microsphere swelling to entrap 
ach microsphere 10 in its corresponding microwe.. 250. .n this approach, the m.crosphere are first 
distributed into the microwells 250 by sonicating the microspheres suspended in a non-swe H.ng 
solvent in the presence of the microwe.l array on the distal end 212. After placement mto the 
:IL„, J microspheres are subsequently exposed to an ao^eous buffer in wh^ey swell, 
thereby physically entrapping them in the microwells. By way of example of th.s part.cu.ar 
HI, one commonly Known microsphere materia, is tentagel, a styrene-po.yethy.ene glycol 
copolymer These microspheres can be unswol.en in nonpolar solvents such as hexane and swei. 
approximately 20-40% in volume upon exposure to a more polar or aqueous media. In certa.n 
embodlts this fixation approach may be desirable since it does not significantly comprom.se the 
diffusions or permeability properties of the microspheres themselves. 

Figs 6A and 6B show typical microspheres 10 in microwells 250 after their initial placement and then 
after tapping and exposure to air pulses. Figs. 6A and 6B illustrate that there is no appreca le oss of 
IZes from the microwe, due to mechanical agitation even without a -P~ — 
This effect is probably due to electrostatic forces between the microspheres and the opt,cal fibers. 
These forces tend to bind the microspheres within the microwe,. Thus, in most environment, .t may 
be unnecessary to use any chemical or mechanical fixation for the microspheres. 

lt should be noted that not all sites of an array may comprise a bead; that is. there may be some sites 
on the substrate surface which are empty. In addition, there may be some sites that conta, more 
than one bead, although this is not preferred. 

,„ some embodiments, for example when chemical attachment is done, it is possibfc to attach the 
heads in a non-random or ordered way. For example, using photoact.vatib.e attachment nke s or 
photoactivatible adhesives or masks, selected sites on the array may be sequentially rendered 
suitable for attachment, such that defined populations of beads are laid down. 

,„ addition, since the size of the array wil. be set by the number of unique optical response signatures. 

3 it is possible to -reuse" a set of unique optical response signatures to allow for a greater number o 
test sites This may be done in several ways; for example, by using a positional coding scheme w.th,n 
an array different sub-bundles may reuse the set of optical response signatures. Smtoty. one 
embodiment utilizes bead size as a coding moda.ity. thus a..owing the reuse of the set of un,que 
optica, response signatures for each bead s*e. Mernatively, sequentia. partial load.ng of arrays w.th 

;5 beads can also allow the reuse of optical response signatures. 

,n a preferred embodiment, a spatial or positional coding system is done. In this embodiment there 
are sub-bundles or subarrays (i.e. portions of the total array) that are utilized. By analogy w.th the 
te ,ephone system, each subarray is an "area code", that can have the same tags (i.e. telephone 
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immuno-based sensors (both 
geno-sensors. 
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of which are part of a broader general class of protein sensors); and 4) 



in a preferred embodiment, the 
number of basic indicator sensors 



bioactive agents are used to detect chemical compounds. A large 
have been previously demonstrated. Examples include: 




TARGET ANALYTE 



pH Sensors based on: 



Bioactive agent (or chemical 
functionality) 

seminaphthofluoresceins 



NOTES (W^em) 



seminaphthorhodafluors 



C02 Sensors based On: 



8-hydroxypyrene-1,3,6-trisulfonic 
acid 



e.g., carboxyl-SNAFL 



e.g., carboxyt-SNARF 



fluorescein 



seminaphthofluoresceins 



seminaphthorhodafluors 



e.g., carboxyl-SNAFL 



8-hydroxypyrene-1,3,6-trisulfonic 
acid 




Metal Ions Sensors based on: j desferriozamine B 

cyclen derivative 
derivatized peptides 




e.g., carbody-SNARF 



e.g., Fe 



e.g., Cu, Zn 



fluorexon (calcine) 



calcine blue 



e.g., FITC-Gly-Gly-His, and 
FITC-Gly His, Cu, Zn 



methyl calcine blue 



ortho-dianisidine tetracetic acid 
(ODTA) 

bis-salicytidene ethylenedtamine 
(SED) 



e.g., Ca, Mg. Cu, Pb, Ba 
e.g., Ca, Mg, Cu 



e.g., Ca, Mg, Cu 



e.g., Zn 



e.g., Al 
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Each o, me enemies,* — m ™* " *«* produces a " ° p6ca " y T' " Cha " 9e 



Enzyme-based microsphere sensors 
microspheres. Examples include: 



have also been demonstrated and could be manifest on 



Table IV 



r 



SENSOR TARGET 



Glucose Sensor 



Bioactive agent 



glucose oxidase (enz.) 

+ 0 2 -sensitive dye (see Table I) 



Penicillin Sensor 




Urea Sensor 



Acetylcholine Sensor 



penicillinase (enz.) 

+ pH-sensitive dye (see Table I) 



urease (enz.) 
+ pH-sensitive dye (see Table I) 




acetylcholinesterase (enz.) 
+ pH-sensitive dye (see Table I) 



10 



15 



General* as more fu.ly outHned above, the induced change in the optica, signal upon binding of the 
Generally as y enzyme . se nsitive chemical analyte occurs .nd.rectly .n th.s 

.eCl^. ,g.. glucose, consume a cc-su^e. <»■ «~ bM "** 
e.g.. hydrogen peroxide. An oxygen sensiUve dye is ihen used ,o trigger the s,gnal change. 

.mmuncbased mfcrosphere sensors have been demonstrated <c the detect fo, environm enta, 
"Ints such as passes, harofcides. POT. and PAH'S. Addition* these sense* ha»e aiso 
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Table V 



5 



PROBE SEQUENCES 



B-gloC) (segment of human B-globin)5'-NH 2 - 
(CH 2 ) 6 -)TT TTT TTT TCA ACT TCA TCC ACG 
TTC ACC-3 



IFNGCmterferon gamma 1)5'-NH 2 -(CH 2 ) 9 -T 12 - 
TGG CTT CTC TTG GCT GTT ACT-3' 



TARGET SEQUENCES 



B-gio(+)-CF 

S'-Fluorescein-TC AAC GTG GAT GAA GTT C- 
3' 




lL2(interleukin-2)5 , -NH 2 -(CH 2 ) 8 -T 12 -TAACC 
GAA TCC CAA ACT CAC CAG-3' 



IFNG-CF 

5'-Fluorescein-AG TAA CAG CCA AGA GAA 
CCC AAA-3' 



10 



15 



IL4(interleukin-4)5 , NH 2 -(CH 2 ) 8 -T 12 -CC AAC TGC 
TTC CCC CTC TGT-3' 



IL2-CF 

5'-Fluorescein-CT GGT GAG TTT GGG ATT 
CTT GTA-3' 



IL4-CF 

5'-Fluorescein 
TGG-3' 



-AC AGA GGG GGA AGC AGT 



IL6(interleukin-6)5'NH 2 -(CH 2 ) e -T1 2-GT TGG 
GTC AGG GGT GGT TAT T-3' 



IL6-CF 

5'-Fluorescein-AA TAA CCA CCC CTG ACC 
CAA C-3' 



. «, K earis are loaded onto the substrate and then the array is decoded. 
ln . preferred - -* «"~ ^ 

prior to running the assay. Th.s .s done oy a a(| ^ 

run. 

h Hooded if necessary, the compositions find use in a number of applications. As a 
Once made and decoded ^ the signal , 0 . n0 ise ratio in the 

preliminary matter, the invention s array having a ^populations of array elements, 
characteristic optica. as to «U - Nation of each sensor element 

T : ^JZZZZZ - La, b) measuring the characteristic optica, response 
within each sensor subpopui rf ^ optjca) response 

signa ture of each sensor ^ ^ne-adjusted characteristic optica, 

signature for ^ ^^^^L of th 9 e sensor subpopulations; and e) reporting 
response s.gnature of all sensor elem subpopula tion as a summation of the 

the characteristic optical response signature of each P P ^ 

baseline-adjusted characteristic optica, response signatures of all sensor e.ements 
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Furthermore, in some embodiments, a change in the optical response signature may be the basis of 
the optical signal. For example, the interaction of some chemical target analytes with some 
fluorescent dyes on the beads may alter the optical response signature, thus generating a oWerent 
optica, signal. For example, f-uorophore derivatized receptors may be used in wh,ch the b,nd,ng of the 

5 ligand alters the signal. 

As will be appreciated by those in the art. in some embodiments, the presence or absence of the 
target analyte may be done using changes in other optical or non-optical signals, .nclud.ng. but not 
Hmited to, surface enhanced Raman spectroscopy, surface plasmon resonance, radioachv.ty. etc. 

The assays may be run under a variety of experimental conditions, as will be appreciated by those in 
the art A variety of other reagents may be Included in the screening assays. These include reagents 
like salts, neutral proteins, e.g. albumin, detergents, etc which may be used to facilitate optima 
protein-protein binding and/or reduce non-specific or background interactions. Also reagents that 
otherwise improve the efficiency of the assay, such as protease inhibitors, nuclease .nh.b.tors 
anti-microbia. agents, etc.. may be used. The mixture of components may be added ,n any order that 
provides for the requisite binding. Various blocking and washing steps may be utilized as ,s known ,n 



10 



15 



the art. 



20 in a preferred embodiment, the compositions are used to probe a sample solution for the presence or 
absence of a target ana,yte. By "target analyte" or "analyte" or grammatical equivalents here.n ,s 
mean, any atom. mo.ecu.e. ion. molecular ion. compound or particle to be either detected or evaded 
for binding partners. As wil. be appreciated by those in the art. a large number of analytes may be 
used in the present invention; basicaHy. any target analyte can be used which binds a bioaCve agent 

25 or for which a binding partner (i.e. drug candidate) is sought. 

Suitable anatytes include organic and inorganic mo.ecu.es. Including biomo.ecu.es. When detection of 
a target ana.yte is done. suitab.e target ana.ytes indude. but are not .imited to, an environmental 
pollutant (induding pesticides, insecticides, toxins, etc.); a chemica. (induding sdvents. pCymers. 
30 organic materia.*, etc.); therapeutic molecules (including therapeutic and abused drugs, ant.b.ot.cs. 
etc )• biomo.ecu.es (induding hormones, cytokines, proteins, nucleic acids, lipids, carbohydrates 
cellular membrane antigens and receptors (neural, hormona.. nutrient, and ce.. surface receptors) or 
their ligands. etc); whole cells (including prokaryotic (such as pathogenic bacteria) and eukaryofc 
cells including mammalian tumor celts); viruses (including retroviruses, herpesviruses, adenowuses. 
35 .entiviruses. etc.); and spores; etc. Particularly preferred analytes are nucleic acids and prote,ns. 

,n a preferred embodiment, the target analyte is a protein. As will be appreciated by those in the art 
there are a large number of possible proteinaceous target analytes that may be detected or evaluated 
for binding partners using the present invention. Suitable protein target analytes include, but are not 
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the use of single nucleotide polymorphisms (SNPs), which occur at an average frequency of more 
than 1 per kilobase in human genomic DNA. Some SNPs, particularly those ,n and around cod.ng 
sequences are likely to be the direct cause of therapeutically relevant phenotypic variants. There are 
a number of well known polymorphisms that cause clinically important phenotypes; for example, the 
aP oE2/3/4 variants are associated with different relative risk of Alzheimer's and other diseases (see 
Cordor et al Science 261(1993). Multiplex PCR amplification of SNP loci with subsequent 
hybridization to oligonucleotide arrays has been shown to be an accurate and reliable method of 
simultaneously genotyping at least hundreds of SNPs; see Wang et al., Science, 280:1077 (1998); 
see also Schafer et al.. Nature Biotechnology 16:33-39 (1998). The compositions of the present 
invention may easily be substituted for the arrays of the prior art. 

in a preferred embodiment, the compositions of the invention are used to screen bioactive agents to 
find an agent that will bind, and preferably modify the function of, a target molecule. As above, a w<de , 
variety of different assay formats may be run. as will be appreciated by those in the art. Generally, the 
target analyte for which a binding partner is desired is labeled; binding of the target analyte by the 
bioactive agent results in the recruitment of the label to the bead, with subsequent detection. 

In a preferred embodiment, the binding of the bioactive agent and the target analyte is specific; that is. 
the bioactive agent specifically binds to the target analyte. By "specifically bind" herein is meant that 
the agent binds the analyte. with specificity sufficient to differentiate between the analyte and other 
components or contaminants of the test sample. However, as will be appreciated by those ,n the art. .t 
will be possible to detect analytes using binding which is not highly specific; for example, the systems 
may use different binding ligands. for example an array of different ligands. and detection of any 
particular analyte is via its "signature" of binding to a pane, of binding ligands. similar to the manner m 
which -electronic noses" work. This finds particular utility in the detection of chemical analytes. The 
binding should be sufficient to remain bound under the conditions of the assay, including wash steps to 
remove non-specific binding, although in some embodiments, wash steps are not des.red; ..e. for 
detecting low affinity binding partners. In some embodiments, for example in the detection of certain 
biomolecu.es. the dissociation constants of the analyte to the binding ligand will be less than about 
10--10" 6 W\ with less than about 10* to 10" 9 M" 1 being preferred and less than about 10"' -10 M 
being particularly preferred. 

The following examples serve to more fully describe the manner of using the above-described 
invention as well as to set forth the best modes contemplated for carrying out various aspects of the 
invention It is understood that these examples in no way serve to limit the true scope of this .nvent.on. 
but rather are presented for illustrative purposes. All references cited herein are incorporated by 
reference in their entirety. 
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Fig.14 155 60 

Rg.15 155 60 

Fig. 16 124 60 



A conventional air dilution olfactometer and vacuum-controlled vapor delivery system 500. as 
commonly known and used in olfactory research and described in Kauer. et a... J. Physio,. 272:495- 
516 (1977) was used to apply controlled pulses of anaiyte vapor and air carrier gas to either a sensor 
bead substrate or the distal end 212 of a fiber optic sensor array 100 containing an array of sensor 
beads 10 immobilized in microwells 250. 

To produce a saturated vapor sample, generally, a stream of air carrier gas is passed through a 5 m. 
cartridge containing filter paper saturated with the anaiyte. Ana.yte dilutions are produced by adjusting 
the relative flow rates of saturated vapor and clean carrier gas streams. Typical.y. a flow rate of 100 
ml/min is used for the combined gas flow to the sensor array. At this flow rate, a 
deliver approximately 3.3 ml of anaiyte vapor with carrier gas. >n generally, depending on the ana.yte 
vapor pressure and dilution factor, vapor pulses contain between 10"' to 10* mol of anaiyte. 

The vapor pulse was typically delivered during the 11th through 30th frame, commencing on the 11th " 
frame The duration of the vapor pulse varied with the specific frame rate utilsed and typically ranged 
between 2 to 3 seconds. Baseline control measurements were performed with high purity. Ultra Zero 
grade air. The air pulse measurements were performed to account for any bead responses due to the 

vapor carrier gas. 

Data processing: Following the collection of a tempora. series of sensor bead or sensor array 
images segments are drawn, using IPLab image processing software (Signal Analytics. V,enna. VA). 
over each pixel which corresponds to an individual fiber where the fiber is coupled to one sensor 
bead at its distal end. The mean fluorescence intensity was measured for each one of these 
segments in each frame in the sequence. This is done for both the vapor pulse responses and the 
baseline air pulse responses. Averages of multiple runs of each may be performed to improve data 
quality where needed. The air pulse data is then subtracted from the vapor pulse data to subtract the 
background due to air alone. The resulting data can be plotted to yie.d tempora. intensity responses 
for a., beads of interest. In a preferred embodiment, the sensor array data are used in a 
network analysis according to the method disdosed in White, et a.. Ana,. Cnem. 68:2193-2202 (1996). 

35 A., data manipulation is performed within the .PLab program environment using simple operator scripts 
that call standardized image or data processing routines inCuded with the software. These scnpts and 
routines consist of a data collection portion and a data analysis portion. 

In the data collection portion, there are three segments or loops as follows: 
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applying this baseline adjustment, when multiple bead responses are added together they can be 
amplified while the baseiine remains at zero. Since ah beads respond at the same time to the vapor 
pulse they all see the pulse at the exact same time and there is no registering or adjusting needed for 
overlaying their responses. Cumulative response data is generated by simp.y adding all data po,nts ,n 
successive time interval This final column, comprised of the sum of all data points at a part,cular 
time interval, may then be compared or plotted with the individual bead responses to determ,ne the 
extent of signal enhancement or improved signal-to-noise ratios as shown in Figs. 14 and 1 5. 



Example 1 



Preparation of porous silica/Nile Red beads: Approximately 0.5 cm 3 of nominally 3.2 micron 
diameter commercial porous silica beads were removed from a LUNA column (Phenomenex. 
Torrance. CA). Sample of beads were p.aced onto a filter paper and. using vacuum filtration. 0.5 mL of 
Nile Red (Eastman Kodak. Rochester. NY) solution (1 mg/mL in toluene) was poured over beads. N,le 
Red was immediately taken up by silica beads, turning them a deep purple color. The beads were 
washed repeatedly with toluene to remove any excess, non-adsorbed Ni.e Red.. The beads were 
dried on a watch glass overnight. Beads were then placed into microwells formed by etching a fiber 
optic bundle according to the method of the present invention. 



w 



Example 2 



Preparation of PDPO polymer coated porous silica beads: A silanizing solution was prepared from 
20 uL N-octadecyl-triethyoxysilane in 980 uL of ethanol/water (98% ethanol. 5% u.trapure water w,th 
P H adjusted to 4.9 with acetic acid). The LUNA porous silica beads of Example 1 were dispersed >n 
an excess of silanizing solution for approximately 10 minutes, vortexing continuously. The parficles 
were rinsed three times with ethanol and dried in a 120-C oven, overnight for approximately 12 hours. 

Stock solution of PDPO, P oi y (2,6-dimethyM ,4-phenylene oxide).(A.drich. Milwaukee, W.) and Nile Red 
was prepared from 0.09 g PDPO and 1 .0 mL chloroform. After complete dissolution of the polymer, a 
100 uL aliquot of 1mg/mL Nile red in chloroform was added. The resultant solution was vortexed 

continuously for uniform dispersion. 

Excess PDPO/Nile Red was added to a small fraction of the silanized porous beads, approximately 
100 uL polymer/dye solution to approximately 1mg of beads. The sample was vortexed for 
approximately 3 hours then washed. Excess polymer dye was removed and the beads were then 
washed repeatedly with methylene chloride, two to three times, followed by a washing w,th 0.01% 
polyoxyethylene-sorbitan monolaurate. Tween 20 (J.T.Baker. Cleveland. OH), in water. The washed 
beads were collected in a solution of 0.01 % Tween 20/ultrapure water. A single, small drop was 
placed on a microscope coverslip and allowed to dry protected from light. 
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Example 5 



Nile red dyed po.y(methy.styr e ne/diviny. benzene) beads: Approximately 1 mg of commerce ly 
avai.ab.e 3 15 urn po,ymer beads. 87% methyl styrene, 13% diviny. benzene with amine f U nct,nahzed 
surface (Bangs Laboratories, Fishers. IN), was washed in 1 ml of methane, by vortexing. centring 
P ro imal.y 3000 rpm and decanting the solvent. The beads were transferred to brown , « and 
approximately 100 uL of Nile Red so.ution (1 mg/m. in toluene) was added. The sample was vortexed 
and placed on a wrist shaker to agitate overnight. The suspension was transferred to a 

l* 9 e tube and washed with methanol until the decanted solvent was clear. The beads we re 
collected in approximately 0.5 mL of a solution of 0.01 % Tween 20 in ultrapure water. A s.ngle drop 
placed on a microscope coverslip and allowed to dry protected from l.ght. 



Example 6 



P.asticizer modified po.ylmethylstyrene/diviny. benzene) beads with Nile red incorporated: 

Approximately 1 mg of commercially available 3,5 urn polymer beads. 87% methyl styrene 
13* diviny, benzene with amine functional surface (Bangs Laboratories. Fishers ,^—d 
with methanol according to Example 5 and transferred to a brown via.. * 
p,asticizer to polymer solutions of p.asticizers. tritolyl phosphate (TTP), tnpheny. phosphate (TPP).and 
dibuty. phtha.ate (DBP) (Aldrich. Milwaukee, W,), with Nile red solution (1 mg/mL in toluene) were 
added to samples of beads, covered, vortexed then shaken on wrist shaker for approx^nately 12 
hours The beads were transferred to microcentrtfuge tubes and washed with Nile Red ,n methane,, 
then repeatedly with methanol until the decanted solvent was clear. The beads were collected ,n a 
solution of 0.01% Tween 20 in ultrapure water. A single drop of the suspension was placed on a 
microscope coverslip and allowed to dry protected from light. 



Example 7 



0 The porous silica beads prepared by the method of Example 1 were evaluated to determine the.r 

characteristic optica, response signature to toluene vapor foHowing the experiment, method desc -bed 
above. The resu.ts are presented in Fig. 9 where the temporal optica, response of 62 .ndMdual bead 
sensors to a pulse of toluene vapor is shown. 
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Example 8 



The po.y(methy.styrene/diviny. benzene) beads prepared by the method of Example 5 were evaluated 
,o determine their characteristic optical response signature to methanol vapor. The results are 



45 



SUBSTITUTE SHEET (RULE 26) 





10 



PCT/US98/21 193 

WO 

Example 13 

The signal summing method of the present invention was evaluated in analyzing the experimental 
measurements made on P oly(methylstyrene /divinyl benzene) beads prepared by the method of 
Example 5 and tested by the method of Example 8. The results are shown in Fig. 15 where the actual 
relative intensities of the temporal optical response for each of the 39 sensor beads is compared to 
relative intensity of the temporal optical response obtained from signal summing. As shown by F.g. 
1 5. substantial signal enhancement is obtained by signal summing with a correspondingly significant 
improvement, up to a hundred fold, in the detection limit for target analytes. 

Example 14 



The polysiloxane coated porous silica beads prepared by the method of Example 3 were evaluated to 
determine their characteristic optical response signature to both toluene and methanol vapor. The 
1 5 results are presented in Fig. 1 6 where the temporal optical responses of two bead sensors to both 
toluene and methanol are shown. The results shown in Fig. 16 demonstrates the capability of th,s 
subpopulation of bead sensors to distinguish between two analytes of interest by utilizmg the 
characteristic optical response signatures of the bead sensors to specific analytes. 

~Q Example 15 

A 50/50 mixture of porous silica beads prepared by the method of Example 1 and poly(methylstyrene / 
divinyl benzene) beads prepared by the method of Example 5 were randomly dispersed and 
incorporated into etched microwells on the distal end of a fiber optic bundle according to the method of 
25 the present invention as described above. The resultant sensor array was evaluated to determme the 
characteristic optical response signature of the bead subpopulation to methanol vapor. An 535 nm 
• excitation filter and 600 nm emission filter was used in this experiment. The results are presented .n 
Fig 17 where the normalized temporal optical response of 3 porous silica bead sensors and 6 PMS 
bead sensors to a pulse of methanol vapor is shown. In this example, the characteristic emitted light 
30 peak shapes of the bead subpopulations provide a distinguishable characteristic response signature 
for each subpopulation. Fig. 17 demonstrates the innovative self-encoding feature of the present 
invention where the identity and location of the beads is determined in a single measurement of a 
reference vapor analyte. 

Example 16 



35 



The self-encoded fiber optic sensor array produced by the method of Example 15 was evaluated by 
measuring the characteristic temporal optical response signature of the porous silica and PMS sensor 
bead subpopulations of the array in response to a pulse of n-propanol vapor. The results are 
presented in Fig. 18 where the temporal optical response of 3 porous silica bead sensors and 6 PMS 
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While this invention has been particularly shown and described with references to preferred 
embodiments thereof, it will be understood by those skilled in the art that various changes in form and 
details may be made therein without departing from the spirit and scope of the invention as defined by 
5 the appended claims. 
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ii) a population of microspheres corprising at least a first and a second subpopulation, 
each subpopulation comprising: 

1 ) a bioactive agent; and 

2) at least one reporter dye; 

wherein said reporting dye has a first characteristic optical response signature when subjected to 
excitation light energy in the presence of a reference analyte; 
wherein said microspheres are distributed on said surface; 
b) detecting the presence of said analyte. 

12. A method according to claim 1 1 further comprising identifying the location of each bioactive agent 
on said substrate by adding said reference analyte. 

1 3. A method according to claim 1 1 or 12 wherein said detecting is done by detecting the presence of 
a label attached to said target analyte. 

14. A method of decoding an array composition comprising 

a) providing an array composition comprising: 

i) a substrate with a surface comprising discrete sites; and 

ii) a population of microspheres comprising at least a first and a second subpopulation. 
wherein each subpopulation comprises at least one reporter dye; wherein said raporbng 

dye has a first characteristic optica, response signature when subjected to excitation l.ght 
energy in the presence of a reference analyte; wherein said microspheres are distributed 

on said surface; and 

b) adding at least one reference analyte to said array composition to identify the locafon of at 

least one subpopulation. 

15. A method according to claim 14 wherein the location of each subpopulation is determined. 

16. A self-encoding analytic chemical sensor array comprising: 

a population of beads dispersed on a substrate, said population encoded with at least one 

reporting dye; 

a plurality of separate subpopulations of beads contained within said population, each 
subpopulation of beads comprising a characteristic bead matrix material inflated with at least 
one reporting dye, which said reporting dye, in combination with said characteristic bead matrix 
material, has a first characteristic optical response signature when subjected to excitation light 
energy in the presence of a reference analyte and, which said reporting dye. in combination with 
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sites for hybridization. 



25. The sensor array described in claim 16. wherein the substrate comprises a dista. end of an optica, 

fiber bundle. 

26. The sensor array of Cairn 16, wherein the substrate comprises etched microwelis at a distal end 
of individual fibers in an optical fiber bundle. 

27. The sensor array of claim 26. wherein the etched wells form a cavity which is larger than the bead 
diameter and the bead is essentially disposed within said cavity. 



28. The sensor array 



of claim 27 wherein said cavity is no greater than 5 urn in diameter. 



29. The sensor array 



of claim 16 wherein the average bead diameters are less than 4 urn. 



30. The sensor array of Cairn 1 6 wherein the characteristic bead matrix material is an organic material 
selected from the group consisting of polymers and copolymers. 



31. The sensor array 



of claim 30 wherein the organic material swells upon contact to a target analyte. 



32. The sensor array of claim 16 wherein the characteristic bead matrix material is an inorgan.c 
material selected from the group consisting of porous silicas, aluminas and zeolites. 

33. A method for reducing the signa.-to-noise ratio in the characteristic optica, response signature of a 
sensor array having a subpopulations of array elements, comprising: 

decoding the array so as to identify the location of each sensor element within each sensor 

> 

subpopulation within the array; 

measuring the characteristic optica, response signature of each sensor element in the array; 
adjusting the baseline of said optical response signature for each sensor element in said 
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a sensor array which comprises, a population of beads dispersed on a substrate, said 
population encoded with at least one reporting dye, a plurality of separate subpopulations 
of beads contained within said population, each subpopulation of beads comprising a 
characteristic bead matrix materia! infiltrated with at least one reporting dye, which said 
5 reporting dye, in combination with said characteristic bead matrix material, has a first 

characteristic optical response signature when subjected to excitation light energy in the 
presence of a reference analyte and, which said reporting dye, in combination with said 
characteristic bead matrix material, has a second characteristic optical response signature 
when subjected to excitation light energy in the presence of an unknown target analyte, 
10 wherein both the identity and the location of each bead comprising said bead 

subpopulations in said sensor array is determined and recorded upon exposure of said 
sensor array to said reference analyte while subjecting said bead to excitation light energy; 

an optical fiber bundle, comprising a plurality of discrete individual fibers, each of said 
fibers in said bundle optically cooperating with and in optical communication with a 
1 5 discrete sensor bead in said sensor array; 

an excitation light energy source in optical communication with a proximal end of said 
optical fiber bundle, said light source providing excitation light energy to said proximal 
end and said fiber bundle conveying said excitation light energy through said discrete 
fibers to a plurality of discrete sensor beads, wherein the light conveyed by each fiber is 
20 coupled to a specific bead element in said sensor array; and 

an emission light energy detection means in optical communication with said proximal end 
of said fiber bundle, said detection means measuring light emitted from each fiber in said 
bundle at said proximal end in response to an analyte, wherein the emitted light which is 
conveyed by each fiber is produced from the response of a discrete sensor bead coupled to 
25 said fiber at a distal end of said fiber. 

40. The sensing apparatus of claim 39 further comprising a neural network system for 

associating the emitted light response of said discrete sensor beads and a characteristic 
image of the emitted light response of the entire sensor array to a target analyte for the 
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flnffl rii<; C rete sensor bead coupled to said fiber at a distal end of 
produced from the response of a discrete sensor oeau h 

said fiber. 

42 The sensing method of claim 41 further comprising a applying a neural network system for 
associating the emitted nght response of said discrete sensor beads and a characteristic image 
of the emitted light response of the entire sensor array to a target analyte for the detection and 
identification of said analyte. 
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